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NeurogenesisNeural Precursor Cells (NPCs) generate complex stereotypic arrays of neuronal subtypes in the brain. This process
involves the integration of patterning cues that progressively restrict the fate of speciﬁc NPCs. Yet the capacity of
NPCs to interpret foreign microenvironments during development remains poorly deﬁned. The aim of this work
was to test the competence of mouse telencephalic NPCs to respond to the dopaminergic niche of the
mesencephalon. Telencephalic NPCs isolated frommidgestationmouse embryos (E10.5) and transplanted to age-
matched mesencephalic explants efﬁciently differentiated into neurons but were largely unable to produce
midbrain dopaminergic (mDA) neurons. Instead, E10.5 telencephalic NPCs behaved as restricted gabaergic
progenitors thatmaintainedectopic expressionof Foxg1andPax6. In contrast, E8.5 telencephalicNPCswere able to
differentiate into Lmx1a+/Foxa2+/TH+ neurons in the dopaminergic niche of the mesencephalic explants. In
addition, these early telencephalic NPCs showed region-dependent expression of Nkx6.1, Nkx2.2 and site-speciﬁc
differentiation into gabaergicneuronswithin themesencephalic tissue. Signiﬁcantdopaminergic differentiationof
E8.5 telencephalic NPCs was not observed after transplantation to E12.5 mesencephalic explants, suggesting that
inductive signals in the dopaminergic niche rapidly decay after midgestation. Moreover, we employed
transplantation of embryonic stem cells-derived precursors to demonstrate that extinction of inductive signals
within the telencephalon lags behind the commitment of residing NPCs. Our data indicate that the plasticity to
interpret multiple instructive niches is an early and ephemeral feature of the telencephalic neural lineage.stituto de Fisiología Celular,
04510, Mexico.
l rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Neural Precursor Cells (NPCs) give rise to a wide diversity of
neuronal and glial subtypes during embryogenesis. This process occurs
in stereotyped spatiotemporal patterns. Thus, according to the position
in the embryo, NPCs limit their choices to certain neuron types and,
expectedly, greater restrictions are imposed on NPCs as development
proceeds. It is known that combinations of intrinsic and extrinsic factors
deﬁne the fate of NPCs (Anderson, 2001; Jessell, 2000). The differen-
tiation potential of NPCs is an intrinsic property that dynamically
changes as cells develop. Expression of speciﬁc markers, mainly
transcription factors, is an indication that the NPCs are being speciﬁed
according to the embryonic region inwhich they reside; however, this is
not evidence of commitment. In order to determine NPC plasticity and
commitment, it is necessary toassessNPCbehavior in a contextdifferent
to that found in their natural niche. Commonly, these evaluations are
performed by transplanting NPCs or embryo fragments into a region
capable of promoting speciﬁc differentiation (Anderson, 2001; Baizabal
et al., 2003). Conversely, the instructive capacity of a niche is evaluatedby transplanting competent cells to the region of interest at different
developmental stages.
NPCs emerge during induction of the neural plate around day 7 of
embryonic development (E7) inmice (Wood andEpiskopou, 1999). The
most anterior part of the neural plate is then speciﬁed to become
the telencephalon around E8.5. This event is marked by the presence of
the forkhead transcription factor Foxg1 (previously knownasBf1) in the
prospective telencephalic region (Shimamura and Rubenstein, 1997;
Tao and Lai, 1992b). Genetic studies have implicated Foxg1 as a critical
determinant of ventral telencephalic fate (Dou et al., 1999; Martynoga
et al., 2005; Shimamura and Rubenstein, 1997). After closure of the
neural tube (NT), the telencephalon becomes regionalized in dorsal and
ventral domains; the former giving rise to the cerebral cortex, while the
latter produces the medial, lateral and caudal ganglionic eminences.
Most NPCs in the dorsal telencephalon differentiate into pyramidal
glutamatergic neurons, whereas ventral telencephalic NPCs generate
several subtypes of gabaergic interneurons (Hebert and Fishell, 2008).
Cortical inhibitory interneurons are also generated within the gangli-
onic eminences, a process that involvesmigration fromventral to dorsal
telencephalic regions (Nery et al., 2002;Wichterle et al., 2001). Despite
this well-deﬁned pattern of differentiation, it is not known when
telencephalic NPCs become committed to particular fates and how
this event is coordinated with the signals that control telencephalic
speciﬁcation.
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surrounding the ventral midline is the niche where NPCs become
speciﬁed into midbrain dopaminergic (mDA) neurons. This event is
molecularly deﬁned as the beginning of Lmx1a expression (E9), which
actively represses alternative ventral fates (Andersson et al., 2006).
The Lmx1a+ dopaminergic domain forms the medial region of the
ﬂoor plate (FP) (Kittappa et al., 2007; Ono et al., 2007), the organizer
that patterns the ventral NT through the production of themorphogen
sonic hedgehog (Shh; Lupo et al., 2006). Interestingly, it was
demonstrated that Foxa2 expression, a known characteristic of FP, is
a requirement for the proper dopaminergic differentiation in the
ventral mesencephalon (Ferri et al., 2007). Foxa2 positively regulates
Lmx1a in the ventral midline and, subsequently, both transcription
factors cooperatively determine mDA fate through activation of
common downstream target genes like Ngn2 and Nurr1 (Lin et al.,
2009; Nakatani et al., 2009). In addition, Lmx1a activates Msx1/2
expression (Andersson et al., 2006) whereas Foxa2 positively
regulates En1 in immature mDA neurons and tyrosine hydroxylase
(TH) in post-mitotic mDA neurons (Ferri et al., 2007). Generation of
TH+ mDA neurons initiates around E10.5 and peaks by E12/13 (Bayer
et al., 1995). At present, it is unknown whether NPCs residing outside
of the embryonic midbrain have the potential to interpret the
mesencephalic niche of dopaminergic neurogenesis at some point in
development.
In a recent work, we used mesencephalic explant cultures to test
the developmental potential of NPCs derived from Embryonic Stem
Cells (ESCs) (Baizabal and Covarrubias, 2009). We found that only
those ESC-derived NPCs generated within the context of the
mesencephalic niche give rise to signiﬁcant numbers of mDA neurons.
In contrast, ESC-derived NPCs generated in a culture dish and then
transplanted to mesencephalic explants, do not produce large
numbers of mDA neurons. These data suggested that NPCs are able
to interpret patterning cues of neuronal speciﬁcation only during
early stages of maturation within the neural lineage. To test this
hypothesis, in this study we isolated telencephalic NPCs at different
stages of development and then transplanted these cells to mesen-
cephalic explants. We present evidence that telencephalic NPCs have
the capacity to differentiate into mDA-like neurons upon incorpora-
tion into the dopaminergic niche of the mesencephalon. Ectopic
differentiation of telencephalic NPCs was restricted to a short
developmental window at stages prior to the onset of neurogenesis
in the embryonic forebrain (i.e. between E8.5 and E10.5). Further-
more, E8.5 telencephalic NPCs acquired the correct positional identity
within mesencephalic domains of gabaergic neurogenesis. Our data
also suggest that the instructive mesencephalic niche swiftly decays
beyond midgestation. Finally, we show that commitment of telence-
phalic NPCs is apparently not synchronized to the extinction of
telencephalic gabaergic cues.
Materials and methods
Collagen explant culture
Mesencephalic explants were obtained from either E10.5 or E12.5
CD-1 mice embryos and cultivated in a collagen matrix as previously
described (Baizabal and Covarrubias, 2009). Brieﬂy, mesencephalons
were isolated by two coronal cuts: one along the mesencephalic–
diencephalic border and other at the level of the rhombic lip. Sub-
sequently, mesencephalic explants were cut along the dorsal midline,
transferred to 35 mm Petri dishes, and placed in the “open book”
conﬁguration with the ventricular surface facing upwards. Media was
removed as far as possible and approximately 40–60 μl of collagen
mixture was added over each explant. The collagenmixture contained:
rat collagen (100 μl; gift fromDr. Alfredo Varela-Echavarría), 1.5 MNaCl
(10 μl), 7.5% NaHCO3 (10 μl) and explant media (300 μl). Explantmedia
(hereafter referred as Optimix) was prepared bymixing OptimemwithGlutamax (72% v/v; Gibco), DMEM-F12 (25% v/v; Gibco), glucose 2 M
(2% v/v; Sigma) and GPS 1X (glutamax/penicillin/streptomycin; Gibco).
Explants were incubated for 1 h at 37 °C in 5% CO2–95% atmospheric air
incubators to allow collagen polymerization before proceeding to cell
transplantation (see below). Ventral telencephalic explants were
embedded in collagen as described above for mesencephalic explants.
Cell transplantation
This procedure was essentially as previously described (Baizabal
and Covarrubias, 2009). Telencephalic NPCs were isolated from a
transgenic mouse line (gift from Andras Nagy) that constitutively
produces Green Fluorescent Protein (GFP). The ventral regions of
8–12 telencephalons were dissected from E10.5 mouse embryos and
treated for 10 min at 37 °C with 0.1% trypsin (Gibco) diluted in
Versene (EDTA 0.02%; Gibco). Trypsin was then inactivated with
Optimix containing 10% Fetal Bovine Serum (FBS; Gibco). The tissues
were mechanically dissociated with a serological pipette, and
centrifuged at 3000 rpm for 5 min. The resulting pellet was resus-
pended in 5–20 μl of Optimix. Early NPCs were isolated from E8.5
prospective telencephalons by directly suctioning the anterior-most
region of the neuroepithelium. Cell dissociation was carried out by
treating tissue fragments for 7 min at 37 °C with 0.025% trypsin
diluted in Versene. Trypsin was then inactivated and the cell
suspension concentrated as described above. In some cases, trypsin
dissociation was not carried out in order to evaluate the rosette-
forming capacity of transplanted telencephalic cells. For transplanta-
tion, a ﬂame-stretched Pasteur pipette coupled to a hose with a
mouthpiece was used to deposit donor cells over the ventricular
surface of collagen-embedded explants (see above). Transplanted
cells were allowed to attach for 3 h at 37 °C before adding Optimix
to completely cover the tissues. To achieve a higher efﬁciency of
transplanted cells around the mesencephalic ventral midline, a
modiﬁcation of the described protocol was used. Brieﬂy, mesence-
phalic explants were laid over Millicell culture plate inserts (Milli-
pore) and donor cells were deposited over the ventral midline.
Culture plate inserts were transferred to 35 mm Petri dishes contain-
ing 2 ml of Optimix and explants were incubated overnight to allow
attachment of donor cells. The next day, mesencephalic explants were
transferred to clean 35 mm Petri dishes and cultivated in collagen as
described above. Collagen explants were maintained at 37 °C in
humidiﬁed 5% CO2–95% atmospheric air incubators for 7 days. Half of
the media was replaced every 2 days.
Embryonic stem cells culture and differentiation
The R1B5 line of mouse ESCs (gift from Andras Nagy) which
constitutively produces GFP was propagated and differentiated into
Embryoid Body (EB) precursors as previously described (Baizabal and
Covarrubias, 2009). Day-4EB cells were dissociated for 15 min at 37 °C
with 0.25% trypsin diluted in Versene. Trypsin was then inactivated as
described above and EB precursors were mechanically dissociated
with a serological pipette. The cell suspension was centrifuged at
3000 rpm for 5 min and concentrated in 40–80 μl of Optimix for
transplantation to collagen explants of the ventral telencephalon.
Tissue processing and immunoﬂuorescence
Collagen explants were ﬁxed and processed for cryo-sectioning as
previously described (Baizabal and Covarrubias, 2009). Primary anti-
bodies were used to detect Nestin (1:500;mouse), β-III Tubulin (1:100;
mouse), NeuN (1:400; mouse), GAD65/67 (1:500; rabbit) and TH
(1:500; rabbit), all from Chemicon; β-III Tubulin (1:2000; rabbit;
Covance), Lmx1a (1:1000; rabbit; gift from M. German), En1, Nkx6.1,
Nkx2.2, Msx1/2, Pax6 (supernatants 1:2; mouse), all from Develop-
mental Studies Hybridoma Bank; Foxg1/Bf1 (1:100; rabbit; Abcam),
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were detectedwith the following secondary antibodies: anti-mouse IgG
(1:1000; goat) coupled to Alexa-Fluor 594 and 647 and anti-rabbit IgG
(1:1000; goat) coupled to Alexa-Fluor 594 and 647, all from Molecular
Probes. All images were captured with a ZEISS LSM 510 Meta confocal
microscope and analyzed with the LSM 5 image examiner.
Data analysis
Data presented for every NPC population are representative of
at least 3 independent transplantation experiments. At least 8 mes-
encephalic explants were analyzed for every population of donor
telencephalic NPCs. The frequency of the reported observations and
the percentage of double-labeled cells for some markers are indicated
in Table 1. Data are presented as the average percentage±standard
deviation; n, indicates the number of GFP+ cells counted. Confocal
z-dimensional montages were obtained for every cell marker and
single optical planeswere examined independently to unambiguously
identify double-labeled cells. Detection of a speciﬁc marker in donor
cells was always conﬁrmed by analyzing orthogonal planes within the
z-stacks. Yet with the exception of supplementary Fig. 3, all the
images shown are z-stack projections. In order to obtain high
confocality, the pinhole aperture of all channels was maintained
close to value 1 and only clearly double-labeled cells were counted.
Site-speciﬁc differentiation was quantiﬁed in the region of maximal
induction of each marker within the donor population.
Results
E10.5 telencephalic NPCs show commitment to forebrain lineages in
the mesencephalon
In a previous work, we reported the use of collagen-embedded
mesencephalic explants to investigate the differentiation potential ofTable 1
Percentagea of donor cells expressing speciﬁc neural markers after incorporation into
speciﬁc niches of the embryonic explants.
E10.5 NPCsb E8.5 NPCsc EB cellsd
Lmx1a 0% 82.5±8.7% NDe
n=96 n=543
Foxa2 0% 14.49±0.29% ND
n=104 n=55
Msx1/2 29.26±7.46%f 14.95±4.5% ND
n=343 n=282
TH 0% 31.58±4.34% 0%
n=251 n=582 n=347
Nkx6.1 ND 12.76±7.78% ND
n=697
Nkx2.2 ND 9.42±3.68% ND
n=849
GAD65/67 86.1±6.68% 63.38±5.1% 44.31±5.1%
n=547 n=759 n=443
Foxg1 68.71±19.91% NDg ND
n=470
a Data are the average percentage±standard deviation of positive donor cells for a
given marker. n indicates the total number of GFP+ cells counted.
b NPCs isolated from E10.5 ventral telencephalons and transplanted to age-matched
mesencephalic explants. Niche-independent differentiation of donor cells was
observed in 6 out of 6 transplantation experiments.
c NPCs isolated from E8.5 prospective ventral telencephalons and transplanted to
E10.5 mesencephalic explants. Niche-dependent differentiation of donor cells was
observed in 6 out of 6 transplantation experiments.
d Day-4EB cells transplanted to ventral telencephalic explants. Niche-dependent
differentiation of donor cells was observed in 3 out of 3 transplantation experiments.
e Not determined.
f Average percentage of donor-derived Msx1/2+ cells inside and outside the ventral
midline of the mesencephalic explants.
g The percentage of Foxg1+ cells was not determined in this case because only in 1
transplantation experiment we observed some donor cells expressing this marker.transplanted ESC-derived precursors (Baizabal and Covarrubias, 2009).
In this work, we used the same experimental strategy to test the
developmental plasticity of telencephalic NPCs. For this purpose, donor
GFP+ telencephalic cells were isolated at different stages of develop-
ment and transplanted into diverse niches of collagen-embedded
mesencephalic explants (Fig. 1). Our ﬁrst goal was to examine whether
NPCs from the ventral telencephalon initiated neurogenesis after
integration into the mesencephalic parenchyma. Initially, telencephalic
cells were isolated from mouse embryos at midgestation (i.e. E10.5;
Fig. 1) asmost telencephalic cells are still undifferentiatedat this stage of
development (Guillemot, 2005). Sevendays after transplantation, donor
cells were completely integrated into the mesencephalic explants and
adopted branchingneuron-likemorphologies (Fig. 2A). Thesedatawere
further conﬁrmed by the presence of many telencephalon-derived β-III
Tubulin+ and NeuN+ neurons (Fig. 2B, C), suggesting that neuronal
differentiation is not affected when telencephalic NPCs incorporate into
the mesencephalic niche.
Currently, it is unknown whether telencephalic NPCs have the
potential to produce mDA neurons in response to the inﬂuence of the
mesencephalic niche. To address this question, E10.5 NPCs isolated
from the ventral telencephalon were placed at the ventral midline of
age-matched mesencephalic explants (Fig. 1). Transplanted NPCs did
not produce Lmx1a after integration into the dopaminergic domain
(Fig. 3A, Table 1). In addition, none of the donor cells produced Foxa2
(Fig. 3B, Table 1), indicating that NPCs from the E10.5 ventral
telencephalon are incapable of differentiating into FP cells. Interest-
ingly, some donor cells produced Msx1/2 (Table 1), a transcription
factor that identiﬁes mDA progenitors (Andersson et al., 2006).
However, Msx1/2+ telencephalic cells were observed inside and
outside the ventral midline of the explants (Fig. 3C and supplemental
online Fig. 1A). These data suggest that donor-derived Msx1/2+ cells
were not mDA-like progenitors but rather telencephalic progenitors
that retained expression of the Msx genes from their region of origin
(Grove et al., 1998). In agreement with this notion, telencephalon-
derived NPCs did not differentiate into En1+ immature mDA neurons
(Fig. 3D) or TH+mature mDA neurons (Fig. 3E, Table 1) indicating the
absence of dopaminergic features in the transplanted cells.
The lack of differentiation of donor cells in response to inductive
signals within the ventral mesencephalon in culture suggested that
E10.5 telencephalic NPCs are already restricted to forebrain lineages. As
NPCs in the ventral telencephalon exclusively give rise to gabaergic
interneurons (Hebert and Fishell, 2008), we looked for the presence of
glutamic acid decarboxylases 65 and 67 (GAD65/67, encoded by GAD2
andGAD1, respectively) in donor cells. Many gabaergic neurons derived
from telencephalic cells emerged after incorporation into the host
mesencephalic tissue (Fig. 3F, Table 1). Besides, although gabaergic
neurons arise at most dorso-ventral levels of the mesencephalon
(Nakatani et al., 2007), donor-derived GAD65/67+ neurons were also
observed in regionswithout endogenous gabaergic neurogenesiswithin
the explants (Supplemental online Fig. 1B). This ﬁnding suggests
that E10.5 telencephalic NPCs are developmentally restricted to the
gabaergic lineage. Cell commitment is thought to arise during develop-
ment when NPCs are no longer capable of changing their intrinsic
positional information under the inﬂuence of a different niche.
Supporting this assumption, Foxg1+ telencephalic cells were observed
within mesencephalic explants (Fig. 3G). As previously reported, Foxg1
expression was highly speciﬁc to forebrain cells, as none of the
mesencephalic cells was observed to express that marker (Fig. 3G)
(Tao and Lai, 1992a). Although highly variable, the proportion of GFP+/
Foxg1+ cellswas large in every transplantation experiment (Table 1). In
addition, some telencephalon-derived GAD65/67+ neurons produced
Msx1/2 (data not shown). Taking into account that Msx1/2 it is not
present within the gabaergic neurons of the embryonic midbrain
(Andersson et al., 2006; Nakatani et al., 2007), this observation suggests
that telencephalon-derived gabaergic neuronsmaintained their original
positional information. To gather more evidence on telencephalic cell
Fig. 1. Experimental design. (I) Representation of an E10.5 mouse embryo showing the approximate region isolated for explant cultures (yellow). Note that the posterior limit of the
explants was located caudally to the isthmus organizer (arrow). (II) Isolated explants were cut along the dorsal midline (black dashed line). The outlined gray rectangle indicates the
ventral mesencephalon. (III) Mesencephalic explants in the “open book” conﬁguration were embedded in collagen (pink). This conﬁguration left the ventral region of the explants
(outlined gray rectangle) in the medial domain of the tissue with the ventricular surface facing upwards. A representation of GFP+ E10.5 and E8.5 mouse embryos is shown below, as
well as the ventral telencephalic regions (gray areas) isolated for transplantation as single cell suspensions. A glass capillary containing GFP+ telencephalic cells is depicted crossing
the collagen matrix (see Materials and methods for details on transplantation). (IV) A representation of an ampliﬁed view of the ventral mesencephalic region delimited by the gray
rectangles in II and III. The domains of dopaminergic neurogenesis (red dashed lines) and gabaergic neurogenesis (brown dashed lines) are indicated. The approximate domains of
several transcription factors analyzed in this study are indicated over the ventricular surface of the represented ventral mesencephalic region. These transcription factors are present
in different NPC populations and some of them are maintained in post-mitotic neurons (see text for details). The domains of some post-mitotic markers of neurogenesis analyzed in
this study, in particular TH and GAD65/67, are indicated below the pial surface of the represented ventral mesencephalic region. Figure numbers in scheme indicate the speciﬁc
combinations of donor and host tissues employed for the transplantation data presented (see text for details).
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the region comprising the boundary between the lateral ganglionic
eminence and the cortex; a domain deﬁned by Pax6 expression (Hebert
and Fishell, 2008). Seven days after transplantation, Pax6+ telence-
phalic cellswere observedwithin themesencephalon (Fig. 3H); a region
of theNT that does not express Pax6 (Matsunaga et al., 2000). Therefore,
E10.5 telencephalic NPCs are not responsive to themesencephalic niche
and maintain original regional identities.
E8.5 telencephalic NPCs differentiate into mesencephalic-like
dopaminergic neurons
The possibility remained that telencephalic NPCs had broader
plasticity at developmental stages preceding E10.5. Hence, NPCsFig. 2. Neurogenic potential of E10.5 telencephalic NPCs after ectopic incorporation into a
morphologies (arrows) 7 days after transplantation. In this image, donor cells are observe
Tubulin+ neurons (arrows) were found within tissue sections. (C) Some telencephalic NPCs
neurons of the host tissue. Scale bars: 20 μm.isolated around E8.5 from the prospective telencephalic region were
directly transplanted to E10.5 mesencephalic explants (Fig. 1). Only
after integration in the ventral midline, a large proportion of
telencephalic cells produced Lmx1a (Fig. 4A, Table 1). Interestingly,
some donor cells formed “rosette”-like structures, characterized by a
circular arrangement of large columnar cells with a lumen at the core,
thus resembling the NT (Fig. 4B). Rosette-like structures appeared in
every independent transplantation experiment of E8.5 NPCs. Neural
rosettes within the dopaminergic niche of themesencephalic explants
showed a substantial number or Lmx1a+ cells (supplemental online
Fig. 2A). As Lmx1a expression does not allow discrimination between
mDA progenitors and mDA neurons (Andersson et al., 2006), we
speciﬁcally looked for the presence of putative Msx1/2+ mDA
progenitors derived from telencephalic cells. In the ventral midline,ge-matched mesencephalic explants. (A) Telencephalic NPCs developed neuronal-like
d in a whole mount preparation of the explant. (B) Many telencephalon-derived β-III
differentiated into mature NeuN+ neurons (arrows); arrowheads indicate some of the
Fig. 3. Ventral telencephalic NPCs isolated from E10.5 mouse embryos do not acquire mDA markers and maintain their original positional identity after transplantation to E10.5
mesencephalic explants. (A,B) Telencephalic NPCs did not produce Lmx1a or Foxa2 7 days after integration around the ventral midline of the mesencephalon in vitro. (C) Some
Msx1/2+ telencephalic cells (arrows) were observed around the ventral midline. The white dashed line indicates the ventricular surface of the tissue section. (D, E) Telencephalic
donor cells were negative for En1, a marker of immature mDA neurons, and TH, a marker of post-mitotic mDA neurons. (F) Many telencephalic NPCs differentiated into GAD65/67+
gabaergic neurons (arrows) after transplantation. Arrowheads in A–F indicate examples of endogenous mDA neurons or mesencephalic gabaergic neurons. (G) Many donor cells
showed the presence of the telencephalic transcription factor Foxg1 (arrows) 7 days after incorporation into the explants. (H) NPCs isolated from more dorsal regions of the
telencephalon preserved a Pax6+ identity (arrows) in themesencephalon in vitro. An apparently single-labeled Pax6+ cell (arrowhead) had a weak GFP signal that it is not observed
in the merged image. Scale bars: 20 μm.
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Fig. 4. E8.5 telencephalic NPCs show niche-dependent speciﬁcation and differentiation into mDA neurons. (A) Many telencephalon-derived Lmx1a+ cells (arrows) were observed in
the ventral midline of the mesencephalic explants. (B) E8.5 telencephalic NPCs formed rosette-like structures with a lumen at the core (arrow) after integration into the host
parenchyma. (C) Msx+ donor cells were present in the ventral midline. (D) In the same region, themesencephalic niche promoted the differentiation of telencephalic NPCs into TH+
neurons (arrows). (E) Donor-derived TH+/Foxa2+ (upper arrow) and TH+/Foxa2− (lower arrow) neurons appeared in the niche of mDA neurogenesis. Arrowheads indicate some
examples of endogenous mDA cells (either progenitors or mature neurons) in all images. The white dashed lines show the approximate ventricular surface within the tissue sections.
Scale bars: 20 μm.
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dopaminergic progenitors (Fig. 4C). The expression of Msx1/2 was
analyzed 7 days after transplantation, likely explaining the low
number of putative dopaminergic progenitors within the host and
donor cell populations (Fig. 4C, Table 1). Also, around the ventral
midline, many telencephalic NPCs reached terminal differentiation
into dopaminergic neurons, as indicated by the presence of GFP+/TH+
cells (Fig. 4D, Table 1). Consistently, when donor cells did not express
Lmx1a (for example at the Nkx6.1 domain) no GFP+/TH+ neuron was
observed in adjacent tissue sections (data not shown). In every case,
the ratio of GFP+/TH+ cells was much lower than the proportion of
GFP+/Lmx1a+ cells (Table 1), suggesting that telencephalon-derived
dopaminergic neurons were at different stage of differentiation by the
time of analysis. The absence of telencephalon-derived Lmx1a+ and
TH+ dopaminergic neurons outside of the ventral midline supports
the notion of niche-dependent differentiation of donor cells (Table 1
and data not shown). As telencephalic NPCs produce the dopaminer-
gic interneurons of the olfactory bulb at later stages of development
(Batista-Brito et al., 2008), we decided to look for more evidence
indicating accurate speciﬁcation of donor cells into mDA-like neurons.
Importantly, some GFP+/TH+ dopaminergic neurons produced Foxa2,
just like host mDA neurons (Fig. 4E). These data also show that some
E8.5 NPCs isolated from the prospective ventral telencephalon are
capable of producing FP-like cells. Yet the proportion of GFP+/Foxa2+
cells was lower than the proportion of either GFP+/Lmx1a+ or GFP+/
TH+ cells (Table 1), whereas some donor-derived TH+ cells did not
produce Foxa2 (Fig. 4E). These data suggest the absence of some
mDA-features in some donor-derived dopaminergic neurons. Finally,
we examined if E8.5 donor cells preserved telencephalic positional
information ectopically. In 2 out of 3 transplantation experiments,
E8.5 telencephalic NPCs did not show Foxg1 expression after incor-
poration into the explants (data not shown). Altogether, these data
suggest that some E8.5 telencephalic NPCs enter into the develop-
mental pathway of mDA speciﬁcation and differentiation upon
exposure to the proper combination of patterning signals within the
ventral mesencephalon in vitro.
E8.5 telencephalic NPCs show region-dependent speciﬁcation into
gabaergic neurons
In the ventral mesencephalon, gabaergic neurons appear lateral to
the niche of mDA neurons (Fig. 1) (Nakatani et al., 2007). Ventral
gabaergic progenitors in the mesencephalon are identiﬁed by
expression of the genes coding for the homeodomain transcription
factors Nkx2.2 and Nkx6.1 (Fig. 1) (Nakatani et al., 2007). Nkx2.2 is
also expressed in the ventral telencephalonwhileNkx6.1 expression is
completely excluded from this region (Qiu et al., 1998). To gain more
insight into the plasticity of E.8.5 telencephalic NPCs, site-speciﬁc
differentiation within gabaergic domains of the mesencephalon was
examined. Transplanted E8.5 telencephalic NPCs differentiated into
large numbers of GAD65/67+ neurons exclusively at the site of
gabaergic neurogenesis within the explants (Fig. 5A, Table 1). In
addition, within mesencephalic gabaergic domains, neural-rosettes
were strictly formed by GAD65/67+ neurons (supplemental online
Fig. 2B). These data opened the possibility that E8.5 telencephalic
NPCs acquired the proper positional information in ventral sites of
gabaergic differentiation. Conﬁrming this prediction, Nkx2.2+ telen-
cephalic cells appeared adjacent to Nkx2.2+ mesencephalic cells
(Fig. 5B, Table 1). In contrast, donor cells did not express Nkx2.2 in the
explant region equivalent to the dorsal mesencephalon (data not
shown), further supporting the idea of region-dependent positional
speciﬁcation. Moreover, E8.5 telencephalic NPCs in the ventral region
of the explants showed proper speciﬁcation into Nkx6.1+ cells
(Fig. 5C, Table 1). This is particularly important, given the absence
of Nkx6.1 expression in the ventral telencephalon (Qiu et al., 1998). It
has been reported that Nkx2.2 and Nkx6.1 are mostly conﬁned to theprogenitor domain (i.e. the ventricular zone) within ventro-lateral
levels of the mesencephalon (Nakatani et al., 2007). Thus, it was more
likely that donor-derived Nkx2.2+ and Nkx6.1+ cells were gabaergic
progenitors instead of terminally differentiated gabaergic neurons.
Supporting this view, we found that in most cases, telencephalon-
derived Nkx2.2+ and Nkx6.1+ cells were different from the donor-
derived GAD65/67+ population (supplemental online Fig. 3 and
data not shown). Taken together, these data suggest an inﬂuence of
the mesencephalic environment on E8.5 telencephalic NPCs, which
apparently were able to integrate many inputs from diverse niches of
gabaergic neurogenesis.
The instructive niche of the ventral mesencephalon decays around E12.5
At present, little is known about temporal changes in the inductive
properties of the mesencephalic niche during development. There-
fore, we decided to test whether E12.5 mesencephalic explants
instructed E8.5 telencephalic cells into themDA lineage (Fig. 1). In this
case, we found that telencephalic cells were inconsistently directed
into the mDA lineage after transplantation at the ventral midline. For
example, in 2 out of 3 independent transplantation experiments, E8.5
donor cells were negative for Lmx1a at the ventral midline (Fig. 6A).
Accordingly, in 2 out of 4 transplantation experiments, E8.5
telencephalic cells did not differentiate into TH+ neurons, in spite of
being at the site of dopaminergic neurogenesis within the explants
(Fig. 6B). Furthermore, very few GFP+/TH+ cells were found in those
cases when some of the donor cells responded to the host tissue
(Fig. 6C). These data suggest that instructive cues for dopaminergic
neurogenesis are substantially diminished or lost within the niche of
E12.5 mesencephalic explants.
An instructive niche within the ventral telencephalon remains after
NPC commitment
Fate restriction of telencephalic NPCs at midgestation might entail
the extinction of inductive signals from their niche. Yet in order to
identify an instructive niche for telencephalic neurogenesis, trans-
plantation of non-neuralized precursors is necessary, as endogenous
NPCs could be biased to speciﬁc neuronal lineages. In this regard,
ectodermal differentiation (but no neuralization) of ESCs is usually
promoted during the initial 3–4 days of EB formation (Keller, 2005;
Rathjen and Rathjen, 2001). This procedure yields non-neuralized
precursors highly responsive to neural patterning cues (Baizabal and
Covarrubias, 2009). Thus, we employed day-4EB precursors for
sensing neurogenic cues within explants cultures of the E10.5 ventral
telencephalon (Fig. 7A). These EB cells were not “pre-patterned” in
vitro as occurs when treated with pro-neuralizing conditions, such as
in the presence of retinoic acid or selective culture conditions (Lee
et al., 2000; Wichterle et al., 2002). After incorporation into explants
of the ventral telencephalon, EB cells differentiated into Nestin+
neural progenitors that in some cases were found organized as neural-
rosettes (Fig. 7B), resembling the neural-rosettes formed by E8.5
telencephalic cells (Fig. 4B). Besides, donor-derived neural progeni-
tors differentiated into many β-III Tubulin+ neurons (Fig. 7C). Most of
these neurons produced GAD65/67 selectively after integration into
explants of the ganglionic eminences (Fig. 7D, Table 1). Although EB
cells efﬁciently differentiate into mDA neurons in mesencephalic
explants (Baizabal and Covarrubias, 2009) no EB-derived TH+
dopaminergic neurons were found within the ventral telencephalic
explants (Table 1). These data suggest that EB cells were instructed
to exclusively generate gabaergic neurons within the inductive niche
of the ganglionic eminences in culture. Hence, although mouse
telencephalic NPCs are already committed to forebrain lineages by
midgestation, patterning signals for neuronal speciﬁcation are still
present at this stage of development.
Fig. 5. E8.5 telencephalic NPCs accurately respond to niches of gabaergic neurogenesis within mesencephalic explants. (A) Donor NPCs produced GAD65/67+ gabaergic neurons
(arrows) in ventro-lateral levels of the host tissue. (B, C) E8.5 telencephalic NPCs were speciﬁed into Nkx2.2+ and Nkx6.1+ progenitors (arrows) in the corresponding domains of
these markers in the mesencephalon in vitro. Gray arrowheads in B and C (middle and right images) indicate donor cells with low levels of Nkx2.2 and Nkx6.1, precluding their
visualization as double-labeled cells in the merged image. White arrowheads indicate examples of labeled mesencephalic cells in all images. Scale bars: 20 μm.
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Directed in vitro differentiation of NPCs into speciﬁc neuronal
lineages has proven difﬁcult in many cases (see as examples Daadi
and Weiss, 1999; Parish et al., 2008). Two major issues underlie this
problem: (1) The precise combinatorial inﬂuence of morphogens
through space and time is not easily reproduced in culture. (2) The
level of commitment of NPCs is usually unknown, leading to the
application of inductive signals to refractory cells. Here, we overcame
the ﬁrst issue by transplanting NPCs to explant cultures that faith-
fully reproduce embryonic neurogenesis. Using this approach, we
then addressed the second issue and demonstrated that E8.5
telencephalic NPCs produce mDA-like neurons in response to the
host environment of the mesencephalon. Nevertheless, competence
of telencephalic NPCs to interpret multiple niches swiftly decays as
development advances.Ectopic neurogenic potential and fate commitment of the
telencephalic lineage
Our study indicates that mouse telencephalic NPCs isolated from
midgestation embryos (E10.5)maintain their neurogenic potential after
integration into the mesencephalon in vitro. Despite the generation of
neurons from theseNPCs, they donot adopt dopaminergic features after
integration around the ventral midline of the mesencephalon in vitro.
This latter observation likely reﬂects the restricted state of telencephalic
NPCs at that stage of development. In disagreement with this
assumption, a previous work reported that some E13.5 telencephalic
NPCs acquire the expression of En1 after incorporation into the
mesencephalic parenchyma in vivo (Olsson et al., 1997). Certainly, we
cannot completely rule out that this discrepancy derives from a limited
capacity of the explants to direct differentiation of late (i.e. E10.5
onward) forebrain NPCs. Yet the ability of mesencephalic explants to
Fig. 6. The dopaminergic niche of E12.5 ventral mesencephalon does not signiﬁcantly direct E8.5 telencephalic NPCs to the mDA lineage. (A) Most E8.5 telencephalic GFP+ cells were
negative for Lmx1a, in spite of being integrated at the mesencephalic ventral midline. (B) Accordingly, in 2 out of 4 transplantation experiments, no donor-derived TH+ neurons
were observed in the ventral midline. (C) Some examples of the rare GFP+/TH+ cells (arrows) found in those transplantation experiments where donor-derived dopaminergic
neurons were found. Arrowheads indicate examples of endogenous mDA neurons in all images. Scale bars: 20 μm.
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telencephalic NPCs (this study) and naïve EB precursors (Baizabal and
Covarrubias, 2009) argues against that possibility. In support of early
restrictions on cell fate, other studies reported that E12 telencephalic
and cerebellar NPCs do not adopt region-speciﬁc identities after
heterotopic transplantation (Carletti et al., 2002, 2004). In fact,
ectopically located telencephalic cells autonomously maintain Foxg1
expression and do not produce host diencephalic markers such as
Nkx2.1, oxytocin and vasopressin (Na et al., 1998). Accordingly, herewe
show that even as early as midgestation in mouse, most telencephalic
NPCs no longer require their original niche to keep their positional
information (i.e. Foxg1 and Pax6 expression) inmesencephalic explants.
Furthermore, three lines of evidence indicate that the E10.5 telenceph-
alon-derivedMsx1/2+ cells are not partially speciﬁedmDAprogenitors:
(1) this cell population did not express Lmx1a, a necessary transcrip-
tional activator of Msx1/2 in the mesencephalon (Andersson et al.,
2006); (2) donor-derived Msx1/2+ cells were observed irrespective of
their integration site; (3) some GFP+/Msx1/2+ cells were identiﬁed as
gabaergic neurons. Thus, the presence of Msx1/2 within the donor
population supports the notion that fate restrictions have already
occurred at the time of transplantation of E10.5 NPCs.
High developmental potential of E8.5 telencephalic NPCs
This work shows that E8.5 NPCs, isolated from the prospective
telencephalic region of the neural plate, produce Lmx1a+/Foxa2+/TH+
dopaminergic neurons after ectopic integration around the ventral
midline of the mesencephalon in culture. To our knowledge, these data
represent the ﬁrst evidence of niche-dependent differentiation of
telencephalic NPCs into mDA-like neurons. This observation is unlikely
due to the presence of “contaminating” mesencephalic NPCs during
transplantation, as only the most anterior region of the prospective
telencephalic vesicle was grafted (see Fig. 1). Nevertheless, it is
important to consider that telencephalic NSCs generate the dopami-
nergic interneurons in the glomerular layer of the olfactory bulb (Young
et al., 2007). Although forebrain dopaminergic interneurons are
produced mainly during postnatal stages, the progenitor lineage that
eventually give rise to this population emerge at early stages (i.e. around
E12.5) of embryogenesis (Batista-Brito et al., 2008). Hence, it might be
argued that the donor-derived TH+ cells observed in this study are
indeed forebrain dopaminergic neurons. Yet, as previouslymentioned, a
large number of telencephalic donor cells acquired the expression of
Lmx1a, an intrinsic determinant of the mDA lineage that it is not
expressed in dopaminergic neurons of the olfactory bulb (Cai et al.,
2008). Furthermore, althoughmost telencephalon-derived dopaminer-
gic neurons are also gabaergic (Parrish-Aungst et al., 2007), E8.5telencephalic NPCs did not differentiate into GAD65/67+ neurons in
the ventral midline. This evidence rules out the possibility that some
donor neurons had a dopaminergic/gabaergic identity. Interestingly,
within thedonor population, the proportion of Lmx1a+cellswas always
greater than the proportion of TH+ cells. As Lmx1a is found along the
entire mDA lineage (Ang, 2006) it is conceivable that some donor-
derived Lmx1a+ cells could represent mDA-like progenitors, instead of
terminally differentiated Lmx1a+/TH+mDA-likeneurons. In agreement
with this, we observed some GFP+/Msx1/2+ cells around the ventral
midline of mesencephalic explants after transplantation of E8.5
telencephalic NPCs. Further supporting a fate switch into a mesence-
phalic lineage, some telencephalic NPCs differentiated into TH+/Foxa2+
dopaminergic neurons. These data also suggest that some donor cells
differentiated into FP-like cells, a population that it is not present in the
ventral telencephalon (Placzek and Briscoe, 2005). Yet, the fraction of
GFP+/Foxa2+ cells was lower than the ratio of GFP+/Lmx1a+ cells
whereas some telencephalon-derived TH+ neurons did not express
Foxa2. Thesedata suggest incomplete speciﬁcation into themDA lineage
of some telencephalic cells. It remains to be determined whether this
reﬂects a limitation in the inductive capacity of the E10.5mesencephalic
niche or a developmental restriction of some donor cells. Nevertheless,
the partially redundant roles of Foxa2 and Lmx1a during mDA
developmentmight account for the observation that some telencephalic
cells reached differentiation into TH+ dopaminergic neurons in the
absence of Foxa2 (Lin et al., 2009; Nakatani et al., 2009). Importantly,
although Foxa2 is necessary for themaintenance of Lmx1a expression in
mDA neurons, this requirement might be indirect to the inhibition of
Nkx2.2 expression by Foxa2 in the ventral midline (Lin et al., 2009).
Besides, Wnt signaling might also antagonize Nkx2.2 expression in the
mesencephalic FP, as occurs in the embryonic spinal cord (Lei et al.,
2006). Thus, through a paracrine mechanism, telencephalic donor cells
developing in a Foxa2+/Nkx2.2− niche might not require autonomous
Foxa2 expression to maintain Lmx1a expression. Altogether, our data
indicate that during early stages of development, telencephalic NPCs
have the potential to become speciﬁed into an mDA-like fate.
The developmental plasticity of E8.5 NPCs is not restricted to the
dopaminergic lineage, as those cells also differentiated into GAD65/67+
neurons in the proper mesencephalic niches. Besides, within sites of
gabaergic neurogenesis in the mesencephalic explants, early telence-
phalic NPCs acquired region-speciﬁc expression of Nkx2.2 and Nkx6.1.
Interestingly, these genes are expressed within the pool of gabaergic
progenitors at speciﬁc dorso-ventral domains of the mesencephalon
(Nakatani et al., 2007). Thus, our data suggest that early telencephalic
NPCs might terminally differentiate into gabaergic neurons through
an initial intermediate step involving speciﬁcation into Nkx2.2+ or
Nkx6.1+ gabaergic progenitors. Therefore, early NPCs residing in the
Fig. 7. The niche within telencephalic explants instructs differentiation of ESC-derived precursors. (A) Experimental design. [I] Representation of an E10.5 mouse embryo
highlighting the telencephalic region (yellow). [II] Depiction of the isolated telencephalic region highlighting the ventral domain (gray) from a coronal view. [III] Ventral
telencephalic explants were cultivated in collagen (pink). [IV] Concomitantly, GFP+ EBs were grown for 4 days and transplanted to ventral telencephalic explants at the beginning of
the culture. A glass capillary containing GFP+ EB cells is depicted crossing the collagen matrix in III (see Materials and methods for details on transplantation). (B) Naïve EB cells
differentiated into Nestin+ NPCs (arrows) after incorporation into the telencephalon in vitro. Note the organization of donor cells as neural rosettes. (C) Donor-derived neural
precursors differentiated into β-III Tubulin+ neurons (arrows) 7 days after transplantation. (D) EB-derived GAD65/67+ neurons (arrows) were strictly found in explants of the
ventral telencephalon. Arrowheads indicate examples of host cells in all images. Scale bars: 20 μm.
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signals within diverse mesencephalic niches in vitro.
Taken together, our analysis of telencephalic NPCs suggests that
the high competence and plasticity of early neural cells are rather
ephemeral features during development. In this regard, classical
studies of Shh pattern formation in the ventral region of the embryonicspinal cord have reached a similar conclusion. In particular, Shh is
necessary to repress the expression of the dorsal gene Pax7 in neural
plate explants but is not required in NT explants, presumably because
Pax7− NPCs are already committed to ventral fates (Ericson et al.,
1996). In addition, within a time lapse of just 12 h, neural plate
explants lose their competence to produce FP cells and motoneurons
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restrictions to respond to patterning cues are likely imposed on NPCs
soon after closure of the NT.
In vivo, the transition from primitive to deﬁnitive NPCs initiates
around E8.5 in mice (Hitoshi et al., 2004). One distinctive feature of
this event is the down regulation of the pluripotency marker Oct4,
which might confer an increased plasticity to primitive neural cells
(Akamatsu et al., 2009). Thus, it is tempting to speculate that the E8.5
prospective telencephalic cells isolated in this work represent a
population of primitive NPCs that eventually gives rise to a deﬁnitive
NPC population, with the latter observed by midgestation in mouse.
Interestingly, some transplanted E8.5 NPCs formed an arrangement
similar to the previously described neural rosettes (Li et al., 2005). In
contrast, neural rosettes were never observed after transplantation of
E10.5 telencephalic cells (data not shown). In agreement with these
observations, another report demonstrated that the tendency of NPCs
to form neural-rosettes in culture is fairly common at an early stage
(E8.25) but rapidly declines after closure of the NT (E9.5 onward;
Elkabetz et al., 2008). Arguably, neural rosettes have a primitive
character as they generate a broad repertoire of neuronal subtypes in
response to developmental signals in vitro (Elkabetz et al., 2008). In
the same study, a transcriptional analysis revealed the expression of
298 rosette-speciﬁc genes, many of them coding for transcription
factors (Elkabetz et al., 2008). To advance our understanding of cell
competence, an important issue for the future will be to deﬁne the
molecular proﬁle of primitive NPCs or their equivalent cell population
derived in vitro from ESCs.
Inductive properties within mesencephalic and telencephalic niches
In this study, we explored the capacity of E12.5 mesencephalic
explants to direct mDA differentiation of E8.5 telencephalic NPCs. In
this case, the absence of robust mDA speciﬁcation in E8.5 donor cells
suggests that the inductive capacity of the mesencephalic niche
signiﬁcantly decays within a developmental window of 2 days (i.e.
from E10.5 to E12.5). Unfortunately, we could not analyze the niche of
developmentally more advanced explants as abundant cell death was
observed in the cultivated mesencephalic tissue (data not shown).
Nevertheless, our data indicate that certain patterning cues involved
in mDA speciﬁcation might be extinct or signiﬁcantly diminished
within the E12.5 mesencephalic niche. In this regard, it is known that
induction of mDA neurons requires Shh (Ye et al., 1998). Shh signaling
might just be necessary during the initial phase of mDA speciﬁcation
as the beginning of mDA neurogenesis requires inhibition of Shh
expression by Wnt signaling (Joksimovic et al., 2009). Shh down
regulation within the mDA domain initiates around E10.5 and only
residual Shh expression is observed in the ventral midline by E11.5
(Joksimovic et al., 2009). Hence, it is possible to speculate that donor
cells transplanted to E12.5 mesencephalic explants are not exposed to
the amount of Shh required for the initial speciﬁcation of mDA
neurons. Further experiments aimed to conﬁrm in vivo our data with
E12.5 mesencephalic explants might help to explain the absence of
dopaminergic neurogenesis by endogenous NPCs in the adult
substantia nigra (Frielingsdorf et al., 2004; Lie et al., 2002).
Commitment of NPCs involves a transition from dependence on
external information to dependence on intrinsic transcriptional
programs (Edlund and Jessell, 1999). Hence, it might be expected
that signals within a niche change or even disappear when residing
NPCs become intrinsically speciﬁed into a neuronal lineage. Given that
E10.5 telencephalic cells were restricted to gabaergic differentiation
and maintained their positional identity ectopically, we asked
whether the inductive properties of their original niche were still
present. In this case, it was important to use EB cells as the donor
population, as they are not biased to telencephalic fates (Watanabe
et al., 2005). Further, in vitro neuralization of EB cells with retinoic
acid reduces their capacity to respond to gabaergic cues in the ventraltelencephalon during early stages (i.e. 10–12 somites) of chick
development (Nikoletopoulou et al., 2007). We found that day-4EB
cells were instructed to differentiate into NPCs and then into
gabaergic neurons speciﬁcally after incorporation into the ventral
region of the E10.5 telencephalic explants. Hence, our data suggest
that the inductive properties of the ventral telencephalon are retained
even though the local NPCs are already speciﬁed and restricted to the
gabaergic lineage.
It is known that the spatiotemporal interpretation of signals elicited
bymorphogens leads to the ﬁne-tuned segregation of neuronal fates in
vivo (Ashe and Briscoe, 2006). Altogether, our data suggest that the
interpretation of complex morphogens networks in the NT is only
possible during very restricted developmental windows. The identiﬁ-
cation of competent NPCs to produce the neurons affected in
neurodegenerative diseases will offer a more rational approach for
future cell therapies.
Supplementarymaterials related to this article can be found online
at doi: 10.1016/j.ydbio.2010.11.003.Acknowledgments
We are grateful to Michael German (UCSF) for supplying the
anti-Lmx1a antibody, Ariel Ruiz I Altaba (University of Geneva
Medical School) for kind gift of the anti-Foxa2 antibody and
Christopher Wood for critical reading of the manuscript. We thank
the technical advice of Andrés Saralegui in confocal microscopy and
ElizabethMata, Sergio González andMarcela Ramírez for assistance in
mice care and reproduction. This work was supported by Project
Program Grant IMPULSA-UNAM 03 and Consejo Nacional de Ciencia y
Tecnología (50956-Q).
References
Akamatsu, W., DeVeale, B., Okano, H., Cooney, A.J., van der Kooy, D., 2009. Suppression
of Oct4 by germ cell nuclear factor restricts pluripotency and promotes neural stem
cell development in the early neural lineage. J. Neurosci. 29, 2113–2124.
Anderson, D.J., 2001. Stem cells and pattern formation in the nervous system: the
possible versus the actual. Neuron 30, 19–35.
Andersson, E., Tryggvason, U., Deng, Q., Friling, S., Alekseenko, Z., Robert, B., Perlmann,
T., Ericson, J., 2006. Identiﬁcation of intrinsic determinants of midbrain dopamine
neurons. Cell 124, 393–405.
Ang, S.L., 2006. Transcriptional control of midbrain dopaminergic neuron development.
Development 133, 3499–3506.
Ashe, H.L., Briscoe, J., 2006. The interpretation of morphogen gradients. Development
133, 385–394.
Baizabal, J.M., Covarrubias, L., 2009. The embryonic midbrain directs neuronal
speciﬁcation of embryonic stem cells at early stages of differentiation. Dev. Biol.
325, 49–59.
Baizabal, J.M., Furlan-Magaril, M., Santa-Olalla, J., Covarrubias, L., 2003. Neural stem
cells in development and regenerative medicine. Arch. Med. Res. 34, 572–588.
Batista-Brito, R., Close, J., Machold, R., Fishell, G., 2008. The distinct temporal origins of
olfactory bulb interneuron subtypes. J. Neurosci. 28, 3966–3975.
Bayer, S.A., Wills, K.V., Triarhou, L.C., Ghetti, B., 1995. Time of neuron origin and
gradients of neurogenesis in midbrain dopaminergic neurons in the mouse. Exp.
Brain Res. 105, 191–199.
Cai, J., Donaldson, A., Yang, M., German, M.S., Enikolopov, G., Iacovitti, L., 2009. The role
of Lmx1a in the differentiation of human embryonic stem cells into midbrain
dopamine neurons in culture and after transplantation into Parkinson's disease
model. Stem Cells 27, 220–229.
Carletti, B., Grimaldi, P., Magrassi, L., Rossi, F., 2002. Speciﬁcation of cerebellar
progenitors after heterotopic–heterochronic transplantation to the embryonic
CNS in vivo and in vitro. J. Neurosci. 22, 7132–7146.
Carletti, B., Grimaldi, P., Magrassi, L., Rossi, F., 2004. Engraftment and differentiation
of neocortical progenitor cells transplanted to the embryonic brain in utero.
J. Neurocytol. 33, 309–319.
Daadi, M.M., Weiss, S., 1999. Generation of tyrosine hydroxylase-producing neurons
from precursors of the embryonic and adult forebrain. J. Neurosci. 19, 4484–4497.
Dou, C.L., Li, S., Lai, E., 1999. Dual role of brain factor-1 in regulating growth and
patterning of the cerebral hemispheres. Cereb. Cortex 9, 543–550.
Edlund, T., Jessell, T.M., 1999. Progression from extrinsic to intrinsic signaling in cell fate
speciﬁcation: a view from the nervous system. Cell 96, 211–224.
Elkabetz, Y., Panagiotakos, G., Al Shamy, G., Socci, N.D., Tabar, V., Studer, L., 2008.
Human ES cell-derived neural rosettes reveal a functionally distinct early neural
stem cell stage. Genes Dev. 22, 152–165.
203J.-M. Baizabal et al. / Developmental Biology 349 (2011) 192–203Ericson, J., Morton, S., Kawakami, A., Roelink, H., Jessell, T.M., 1996. Two critical periods
of Sonic Hedgehog signaling required for the speciﬁcation of motor neuron
identity. Cell 87, 661–673.
Ferri, A.L., Lin, W., Mavromatakis, Y.E., Wang, J.C., Sasaki, H., Whitsett, J.A., Ang, S.L.,
2007. Foxa1 and Foxa2 regulate multiple phases of midbrain dopaminergic neuron
development in a dosage-dependent manner. Development (Cambridge, England)
134, 2761–2769.
Frielingsdorf, H., Schwarz, K., Brundin, P., Mohapel, P., 2004. No evidence for new
dopaminergic neurons in the adult mammalian substantia nigra. Proc. Natl Acad.
Sci. USA 101, 10177–10182.
Grove, E.A., Tole, S., Limon, J., Yip, L., Ragsdale, C.W., 1998. The hem of the embryonic
cerebral cortex is deﬁned by the expression of multiple Wnt genes and is
compromised in Gli3-deﬁcient mice. Development 125, 2315–2325.
Guillemot, F., 2005. Cellular and molecular control of neurogenesis in the mammalian
telencephalon. Curr. Opin. Cell Biol. 17, 639–647.
Hebert, J.M., Fishell, G., 2008. The genetics of early telencephalon patterning: some
assembly required. Nat. Rev. Neurosci. 9, 678–685.
Hitoshi, S., Seaberg, R.M., Koscik, C., Alexson, T., Kusunoki, S., Kanazawa, I., Tsuji, S., van
der Kooy, D., 2004. Primitive neural stem cells from the mammalian epiblast
differentiate to deﬁnitive neural stem cells under the control of Notch signaling.
Genes Dev. 18, 1806–1811.
Jessell, T.M., 2000. Neuronal speciﬁcation in the spinal cord: inductive signals and
transcriptional codes. Nat. Rev. Genet. 1, 20–29.
Joksimovic, M., Yun, B.A., Kittappa, R., Anderegg, A.M., Chang, W.W., Taketo, M.M.,
McKay, R.D., Awatramani, R.B., 2009. Wnt antagonism of Shh facilitates midbrain
ﬂoor plate neurogenesis. Nat. Neurosci. 12, 125–131.
Keller, G., 2005. Embryonic stem cell differentiation: emergence of a new era in biology
and medicine. Genes Dev. 19, 1129–1155.
Kittappa, R., Chang, W.W., Awatramani, R.B., McKay, R.D., 2007. The foxa2 gene controls the
birth and spontaneous degeneration of dopamine neurons in old age. PLoS Biol. 5, e325.
Lee, S.H., Lumelsky, N., Studer, L., Auerbach, J.M., McKay, R.D., 2000. Efﬁcient generation
of midbrain and hindbrain neurons from mouse embryonic stem cells. Nat.
Biotechnol. 18, 675–679.
Lei, Q., Jeong, Y., Misra, K., Li, S., Zelman, A.K., Epstein, D.J., Matise, M.P., 2006. Wnt
signaling inhibitors regulate the transcriptional response tomorphogenetic Shh-Gli
signaling in the neural tube. Dev. Cell 11, 325–337.
Li, X.J., Du, Z.W., Zarnowska, E.D., Pankratz, M., Hansen, L.O., Pearce, R.A., Zhang, S.C.,
2005. Speciﬁcation of motoneurons from human embryonic stem cells. Nat.
Biotechnol. 23, 215–221.
Lie, D.C., Dziewczapolski, G., Willhoite, A.R., Kaspar, B.K., Shults, C.W., Gage, F.H., 2002.
The adult substantia nigra contains progenitor cells with neurogenic potential. J.
Neurosci. 22, 6639–6649.
Lin, W., Metzakopian, E., Mavromatakis, Y.E., Gao, N., Balaskas, N., Sasaki, H., Briscoe, J.,
Whitsett, J.A., Goulding, M., Kaestner, K.H., Ang, S.L., 2009. Foxa1 and Foxa2
function both upstream of and cooperatively with Lmx1a and Lmx1b in a
feedforward loop promoting mesodiencephalic dopaminergic neuron develop-
ment. Dev. Biol. 333, 386–396.
Lupo, G., Harris, W.A., Lewis, K.E., 2006. Mechanisms of ventral patterning in the
vertebrate nervous system. Nat. Rev. Neurosci. 7, 103–114.
Martynoga, B., Morrison, H., Price, D.J., Mason, J.O., 2005. Foxg1 is required for
speciﬁcation of ventral telencephalon and region-speciﬁc regulation of dorsal
telencephalic precursor proliferation and apoptosis. Dev. Biol. 283, 113–127.
Matsunaga, E., Araki, I., Nakamura, H., 2000. Pax6 deﬁnes the di-mesencephalic
boundary by repressing En1 and Pax2. Development 127, 2357–2365.
Na, E., McCarthy, M., Neyt, C., Lai, E., Fishell, G., 1998. Telencephalic progenitors
maintain anteroposterior identities cell autonomously. Curr. Biol. 8, 987–990.Nakatani, T., Kumai, M., Mizuhara, E., Minaki, Y., Ono, Y., 2010. Lmx1a and Lmx1b
cooperate with Foxa2 to coordinate the speciﬁcation of dopaminergic neurons and
control of ﬂoor plate cell differentiation in the developing mesencephalon. Dev.
Biol. 339, 101–113.
Nakatani, T., Minaki, Y., Kumai, M., Ono, Y., 2007. Helt determines GABAergic over
glutamatergic neuronal fate by repressing Ngn genes in the developing mesen-
cephalon. Development 134, 2783–2793.
Nery, S., Fishell, G., Corbin, J.G., 2002. The caudal ganglionic eminence is a source of
distinct cortical and subcortical cell populations. Nat. Neurosci. 5, 1279–1287.
Nikoletopoulou, V., Plachta, N., Allen, N.D., Pinto, L., Gotz, M., Barde, Y.A., 2007.
Neurotrophin receptor-mediated death of misspeciﬁed neurons generated from
embryonic stem cells lacking Pax6. Cell Stem Cell 1, 529–540.
Olsson, M., Campbell, K., Turnbull, D.H., 1997. Speciﬁcation of mouse telencephalic and
mid-hindbrain progenitors following heterotopic ultrasound-guided embryonic
transplantation. Neuron 19, 761–772.
Ono, Y., Nakatani, T., Sakamoto, Y., Mizuhara, E., Minaki, Y., Kumai, M., Hamaguchi, A.,
Nishimura, M., Inoue, Y., Hayashi, H., Takahashi, J., Imai, T., 2007. Differences in
neurogenic potential in ﬂoor plate cells along an anteroposterior location:
midbrain dopaminergic neurons originate from mesencephalic ﬂoor plate cells.
Development 134, 3213–3225.
Parish, C.L., Castelo-Branco, G., Rawal, N., Tonnesen, J., Sorensen, A.T., Salto, C., Kokaia,
M., Lindvall, O., Arenas, E., 2008. Wnt5a-treated midbrain neural stem cells
improve dopamine cell replacement therapy in parkinsonian mice. J. Clin. Invest.
118, 149–160.
Parrish-Aungst, S., Shipley, M.T., Erdelyi, F., Szabo, G., Puche, A.C., 2007. Quantitative
analysis of neuronal diversity in the mouse olfactory bulb. J. Comp. Neurol. 501,
825–836.
Placzek, M., Briscoe, J., 2005. The ﬂoor plate: multiple cells, multiple signals. Nat. Rev.
Neurosci. 6, 230–240.
Qiu, M., Shimamura, K., Sussel, L., Chen, S., Rubenstein, J.L., 1998. Control of
anteroposterior and dorsoventral domains of Nkx-6.1 gene expression relative to
other Nkx genes during vertebrate CNS development. Mech. Dev. 72, 77–88.
Rathjen, J., Rathjen, P.D., 2001. Mouse ES cells: experimental exploitation of pluripotent
differentiation potential. Curr. Opin. Genet. Dev. 11, 587–594.
Shimamura, K., Rubenstein, J.L., 1997. Inductive interactions direct early regionalization
of the mouse forebrain. Development 124, 2709–2718.
Tao, W., Lai, E., 1992a. Telencephalon-restricted expression of BF-1, a new member of
the HNF-3/fork head gene family, in the developing rat brain. Neuron 8, 957–966.
Tao, W., Lai, E., 1992b. Telencephalon-restricted expression of BF-1, a new member of
the HNF-3/fork head gene family, in the developing rat brain. Neuron 8, 957–966.
Watanabe, K., Kamiya, D., Nishiyama, A., Katayama, T., Nozaki, S., Kawasaki, H.,
Watanabe, Y., Mizuseki, K., Sasai, Y., 2005. Directed differentiation of telencephalic
precursors from embryonic stem cells. Nat. Neurosci. 8, 288–296.
Wichterle, H., Lieberam, I., Porter, J.A., Jessell, T.M., 2002. Directed differentiation of
embryonic stem cells into motor neurons. Cell 110, 385–397.
Wichterle, H., Turnbull, D.H., Nery, S., Fishell, G., Alvarez-Buylla, A., 2001. In utero fate
mapping reveals distinct migratory pathways and fates of neurons born in the
mammalian basal forebrain. Development 128, 3759–3771.
Wood, H.B., Episkopou, V., 1999. Comparative expression of the mouse Sox1, Sox2 and
Sox3 genes from pre-gastrulation to early somite stages. Mech. Dev. 86, 197–201.
Ye, W., Shimamura, K., Rubenstein, J.L., Hynes, M.A., Rosenthal, A., 1998. FGF and Shh
signals control dopaminergic and serotonergic cell fate in the anterior neural plate.
Cell 93, 755–766.
Young, K.M., Fogarty, M., Kessaris, N., Richardson, W.D., 2007. Subventricular zone stem
cells are heterogeneous with respect to their embryonic origins and neurogenic
fates in the adult olfactory bulb. J. Neurosci. 27, 8286–8296.
